Animals are characterized by their movement, and their tissues are continuously subjected to dynamic force loading while they crawl, walk, run or swim 1 . Tissue mechanics fundamentally determine the ecological niches that can be endured by a living organism 2 . While epithelial tissues provide an important barrier function in animals, they are subjected to extreme strains during day to day physiological activities, such as breathing 1 , feeding 3 , and defense response 4 . However, failure or inability to withstand to these extreme strains can result in epithelial fractures 5, 6 and associated diseases 7, 8 . From a materials science perspective, how properties of living cells and their interactions prescribe larger scale tissue rheology and adaptive response in dynamic force landscapes remains an important frontier 9 . Motivated by pushing tissues to the limits of their integrity, we carry out a multi-modal study of a simple yet highly dynamic organism, the Trichoplax Adhaerens 10-12 , across four orders of magnitude in length (1 µm to 10 mm), and six orders in time (0.1 sec to 10 hours). We report the discovery of abrupt, bulk epithelial tissue fractures (∼10 sec) induced by the organism's own motility. Coupled with rapid healing (∼10 min), this discovery accounts for dramatic shape change and physiological asexual division in this early-divergent metazoan. We generalize our understanding of this phenomena by codifying it in a heuristic model, highlighting the fundamental questions underlying the debonding/bonding criterion in a soft-active-living material by evoking the concept of an 'epithelial alloy'. Using a suite of quantitative experimental and numerical techniques, we demonstrate a force-driven ductile to brittle material transition governing the morphodynamics of tissues pushed to the edge of rupture. This work contributes to an important discussion at the core of developmental biology 13-17 , with important applications to an emerging paradigm in materials and tissue engineering 5, 18-20 , wound healing and medicine 8, 21, 22 . 9 Tissues are the paragon example of a 'smart material'. Cells within a tissue may dynamically 10 reconfigure under stress 15, 23 , exhibit superelastic responses by localizing strain 19 , contract to actively 11 avoid rupture 10 , locally reinforce regions of tissue through recruitment 24 and other forms of mechanically 12 regulated feedback 25, 26 . Harnessing these properties promises valuable insights for synthetic adaptable 13 materials 18, 20, 27 . Many of these phenomena illustrate the role of mechanical feedback in service of tissues 14 maintaining their integrity under large strains. Here, we address the question -how do cellular tissues 15 behave on the threshold of failure? What determines if a tissue fractures or if it flows? We investigate this 16 question in a 'minimal tissue system' that is capable of highly adaptive and fast plastic deformation. 17 We experimentally study the dynamic epithelial tissues in the marine animal, the Trichoplax adhaerens.
We capture fracture and healing phenomena by modeling the bonding and debonding of cell-cell junctions. A good starting point for compliant adhesive cells is the vertex energy function 50 , where we unfold the surface tension-like term into the contribution coming from cortical tension and the contribution coming from interaction with other sticky cells 56, 57 . Since the dynamics we study overlap with the timescales of the cell-cell bond lifetime, we split the second term of cell-cell interaction energy into the dynamics of adhesive bonds. The energy function for a unit cell i is given by:
Where k A and Γ are the areal (A) and perimeter (P) rigidity respectively, α is the cell's cortical tension, δ i, j 134 is a dynamical term counting the number of cell-cell junctions present and bound between cell's i and j 135 where we sum over all the cells in contact with cell i. Our proposed model replaces the complexities of cell 136 shape with an effective compliance to clarify the central role of the competition between edge-forming and 137 STZ transformations. The mechanical properties of this model tissue will be determined by the cellular 138 compliance and the bonding and debonding time scales (Methods, Extended Data Fig. 4) . 139 A classical model for the force dependent unbinding of two state systems in a tissue context follows Bell's seminal work 58 . When we study an ensemble of these two-state junctions, we find an critical behavior where the release of one cell-cell junction redistributes that load to the others, slightly increasing the remaining junction's probability of transitioning. This induces a cascade of events which ruptures the cell-cell junctions abruptly. We find that for sufficiently high affinities and ensemble sizes, the collective dynamics is well approximated by a Heaviside-step (Supplementary Information): ∑ j δ i, j = n bound (F pull ) ≈ N(t)P ss | F →0 1 − Θ Heaviside (F pull − F c ) 6/39 τ mature of the cell-cell junction 61 . In the context of an elastic material, the force threshold can be translated 143 to a geometric threshold. Approximating the cell compliance as elastic is reasonable on sufficiently short 144 timescales 25 . 145 Next, we focus our study on the cell-cell junction dynamics instead of the cells themselves by replacing 
153
With this heuristic framework in place, we can begin subjecting the model tissue to a controlled 154 distributed actuation 28, 29 (Methods). We conduct two primary studies of the response of this network.
155
First, we study the model under fixed stretching for a finite time (Fig. 3A) . We vary the threshold strain 156 for breaking the cell-cell bonds and sweep through a range of driving force gradients. We observe three of constraints is locally conserved we call it a CCC transformation.
168
In the second regime, above the yield transition, we observe the tissue going through many CCC 169 transformations in the neighborhood matrix. These CCC transformations are analogous (though not 170 precisely equivalent to) to T1 transformations within a tissue. This regime corresponds to our more 171 ductile-like yielding.
172
The third outcome of pulling on this model tissue is producing a large population of non-CCC 173 transformations indicating the generation of new boundaries. This type of yielding can be understood 174 as a more brittle fracture via loss of tissue continuity and few associated CCC transformations to relax 175 the energy (Methods, Supplementary Video 5, Methods). By consolidating these results grouped by 176 the distributed force gradient versus debonding criteria, we draw a phase diagram where the material 177 undergoes ductile to brittle transition above its yield stress (Fig. 3B, Extended Data Fig. 5, Supplementary 178 Video 5, Methods).
179
We propose thinking of these phenomena as a heuristic analogy to a ductile to brittle transition within 180 a toy model of cellular tissue. A brittle material yields predominately by fracture (new edge formation) 181 and a ductile material yields by flow (or STZs). The qualitative ramifications suggest that it may be 182 biologically feasible to tune heuristic parameters in such a way to make a specific tissue ductile (such 183 as dorsal epithelium) while another tissue to be more brittle (such as ventral epithelium) under the same 184 driving force. A tantalizing outcome is that the composite tissues of the T. Adhaerens may be qualitatively 185 understood by learning from the continuous crossover in this simple model.
186
Observing these animals under a microscope clearly reveals an unsteady nature of the driving force 187 induced by motility (Extended Data Fig. 8 ). Next we drive this model tissue under a long wavelength 188 collective mode akin to the unsteady dynamics observed which captures the self-inflicted rheology of 189 the tissue. We implement this by varying the pulling amplitude in time using a 1D random walk in 190 a soft harmonic potential to capture both the characteristic timescales and stochasticity of the driving.
191
Under such unsteady loading, the model tissue deforms to capture both fractures and healing (Fig. 3C, 192 Supplementary Video 6, Methods).
193
The ambition of the heuristic model is to refine our questions and enrich experimental quantification. 194 We can leverage the omniscience of the model to quantify changes to the connectivity matrix of the cells of dynamical heterogeneity 63 , and we exploit these signatures to provide support for a finite yield stress 200 within the tissue. We approach this challenge by first mapping the presence of large D 2 min values onto the 201 connectivity changing events. We find that D 2 min is an excellent indicator of these events (both CCC and 202 non-CCC) ( Fig. 3D ). Next, we find that the yield stress character of this tissue manifests itself as an abrupt 203 rise in the correlational measure between D 2 min (measure of STZ) and the instantaneous strain rate ( Supplementary Video 8, Methods). In our experiments, we do not observe the third failure mode (mode 216 III) since the forcing is confined to a two-dimensional plane.
217
Next, we proceed to investigate the material properties of these tissues. In order to do this, we 
This is a representation of maximal strain yielding (Supplementary Information). In the case of harmonic springs, this is simultaneously consistent with the maximal stress and Von mises criterion through the devioric moments relationship to energy density. Two populations of cells of differing sizes are initialized to suppress crystallization (consistent with experimental observations). To ensure that the cell populations are uniformly distributed throughout the tissue, we leverage the Differential Adhesion Hypothesis (DAH) 56 encoded through attachment stiffness between cell types. By choosing the correct relationship, k 22 < k 11 < k 12 , cells will preferentially distribute throughout the tissue when rapidly quenched from a random initial state (but not an infinite-temperature quench). The quench dynamics take the form of a gradient descent on the energy landscape with the dynamical equation:
The gradients are taken analytically and the positions are updated using a combination of Euler's method 316 and a custom variant of a fast inertial relaxation engine.
317
The number of metastable states in the model tissues explodes rapidly with increased bidispersity via 318 size and percentage of large cells, reminiscent of a collodial glass. In an ensemble of these metastable 319 states, we can study the packing fraction, the hexatic order and the residual force as a function of the size 320 13/39 difference between cells and the percentage of each cell population. We set these to be consistent with 321 experimental measurements and observe similar observables including the orientational correlation length 322 of the hexatic order parameter (Extended Data Fig. 4 ). Even though our model does not have viscoelastic 323 components, we find emergent bulk viscoelasticity at finite temperature through neighborhood exchanges 324 consistent with many yield stress fluids 52 . versus the fixed driving force, we find that the Herschel-Buckley equation is consistent with a k ∼ 3 scaling 331 ( Fig. 3B(iv) ).
332
To mimic the distributed activity of the organism induced by motility, we expand the distributed locomotion to lowest order in the devioric field 28 . These long wavelength collective modes represent a low order approximation to the dynamics of the forcing on this epithelial layer arising from distributed
propulsion. This has the added benefit of serving as a control parameter for our driving away from equilibrium. By disentangling the dynamics from the distributed forcing, we can more easily study the response of the model tissue to steady state forcing. The functional form for this forcing takes the form of:
Where we use f carried out complementary studies using a shear amplitude which qualitatively showed a similar behavior 336 (data not shown).
337
To classify the response of this material as a function of amplitude f x , τ mature , and break , we developed 338 a suite of microstate measurements to characterize the type of transformations incurred by driving it out of Next, we studied the non-affine motion (non-uniform or disordered motion) of these tracked microbeads to measure the local amount of deviation in particle displacements from a linear strain field.
Non-affine particle motion is a key feature in many soft matter systems such as amorphous solids 53 , colloids 67 , jammed materials 68 , granular materials 69 and cell migration 70 . We quantified non-affine motion using the D 2 min metric 53 for all the tracked particles over a short time-scale of 1 second. This D 2 min metric 53 minimizes the mean-squared difference between the actual displacements of the neighboring particles relative to a central one and the relative displacements that they would have if they were in a region of uniform strain:
where, r i n (t) is the ith component of the position of nth particles at time t. The uniform region of strain 403 ε i j that minimizes D 2 is then calculated according to Falk & Langer 53 . Then D 2 min is the minimum value Fluorescence microscopy reveals that Tensile forces can induce fast (∼2 min) brittle-like fracture dynamics in the ventral epithelium (Extended Data Fig. 9, Methods) . Micro-fractures rapidly coalesce to form larger holes. (B) While simultaneously imaging sticky fluorescent micro-beads on the dorsal epithelium, we observe a shear-induced ventral fracture (Extended Data Fig. 7, Methods) . (i) Flowtrace 65 visualizations reveal bead trajectories in a region of local shear-induced fracture (zoom-in insets (C) ). (ii) The internal strain rate (with peak ∼0.2 s −1 ) contours from a PIV analysis overlaid on the velocity vectors. min (white dots) show excellent correlation with regions of high internal strain (red contours). (D) Quantification of D 2 min versus the strain rate, demonstrates signatures of a yield-stress material -consistent with model predictions (Fig. 3D ). Figure 3 : Thread formation, thread fractures and ruptures: (A) The stretched tissue between two regions of an animal that are pulling apart yield in a ductile fashion and form thread-like regions by undergoing local 'thread fractures'. Here, the subtle difference is in the location of fractures; ventral and dorsal epithelial fractures typically occur in the bulk, whereas these thread fractures occur on the edges. Functionally, these thread fractures are cumulative over time, resulting in rapid reduction (∼few min) in the cross sectional area and lead to extremely thin (few cell layers thick) threads, which 'rupture' (∼few minutes) when pulled apart continuously. This mechanism plays an important role in the asexual reproduction process in these animals (Fig. 1B) . (B) zoom-in versions of (A), with additional brightfield channel overlay on the images.
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Extended Data Figure 4 : A heuristic in-silico model consistent with experimental observations. (A) Model in metastable state: (i) Cells within the ventral layer are a bi-disperse mixture of ventral epithelial cells and lipophil cells. The tissue is also not perfectly confluent with gaps at the ventral surface. At small break the model yields to new edge formation at smaller loading. However, at a crossover ∼ break = 1.7, for low loading gradients, the dominant yielding occurs through coordinated neighbor exchanges similar to STZs. This crossover value can be understood as the edge forming energy exceeding the average STZ energy barrier (which is independent of break ). The subsequent three panels in (A)ii-iv, are each one channel of the RGB parameter space displayed on the left. From left, red is the number of STZ transformations (or CCC), green is the number of edge forming transformations (or non-CCC), and blue is a helpful diagnostic, the packing fraction, for identifying holes within the tissue (light blue is low packing). (B) Considering model tissues at different maturation times reveals another crossover between a more ductile and a more brittle behavior under distributed driving. At short maturation times, the formation of a new cell-cell junction is nearly instantaneous, so in a regime of break = 1.95, the yielding is driven through STZ like (or CCC) transformations. However, when the maturation time reaches ∼ 10x the dynamical timescale, the cell-cell junctions are too slow to reform and the tissue yields through new-edge formation and holes. This rapid de-lamination is can be seen through the split channels (B) ii-iv in the reduction of STZs, the increase in new edges and the reduction of the packing fraction. (C) To study the steady-state dependence of the model's Herschel-Buckley scaling on τ mature , we complete a series of fits (ii) in the extension versus time curve. The asymptotic value of this fit represents the long-time behavior of this yielding rate. Plotting the strain rate at steady-state versus the applied stress reveals a Herschel-Buckley like relationship with a finite yield stress and a 3 scaling behavior. Over the range explored τ mature has only limited impact on the flow behavior of this tissue.
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Extended Data Figure 6 : Non-affine motion analysis. Leveraging the knowledge of the microstate in numerics to develop techniques for learning about the material properties of real tissue from experimental signatures. (A) We employ a measure of non-affine motion called D 2 min 53 . This measure subtracts actual motion of particles from the local affine transformation inferred from its neighbors motion (ii). Large values of disagreement between actual motion and the affine projection are signaled in red (i). (B)(i) We display the strain rate field calculated from interpolation of the displacements into a grid. Color corresponds to orientation angle of the vector ranging from 0 to 2π. (B) (v) displays the pair correlation function showing rapid attenuation of the characteristic spacing over distances greater than 0.4 simulation units. The red dotted line signals the neighborhood size used to calculate the metric in Fig. 3 . Panels (B)(ii-iv) demonstrate the effect of the neighborhood size with with 50% variation on either side of that shown in the figure (B)(iii). Above is 50% smaller neighborhood and below is 50% larger. The trade-off between sensitivity and spatial resolution is balanced by choosing the middle values B(iii). (B)(vi) shows the map between known simulation STZs and the measured D 2 min . B(vii) We find that this measure is a nice diagnostic for otherwise un-observable motions with 80% of the observed large D 2 min ≥ 10 −3 corresponding to a known neighborhood exchange via a STZ-like transformation.
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Extended Data Figure 7 : Experimental and computational techniques. (A) Experimental tagging techniques: (i) Ventral epithelium -A fluorescent lysotracker dye stains the acidic granules present in the lipophil cells, and provides a dense tagging of the entire ventral epithelium at large fields of view (∼3 mm) (Methods). (ii) Dorsal epithelium -We developed an assay to coat the surface of the epithelium with sticky fluorescent microspheres / microbeads. This provides a coarse-grained tagging (1 bead per 8 cells) of the entire dorsal epithelium at large fields of view (∼6 mm) and enables high-speed (10 fps) and long duration (∼ 1-5 hours) imaging (Methods). Right Insets display control experiments demonstrating that microspheres bind on cell membrane. (B) Computational data analysis techniques: We employ Flowtrace 65 for visualization of particle trajectories, Particle tracking for quantitative non-affine motion analysis, and Particle Image Velocimetry to measure velocity fields and internal strain rate.
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Extended Data Figure 8 : Organismal motility leads to a self-inflicted rheology in T. adhaerens. (A) Time lapse images from large field of view imaging of dorsal epithelium using the sticky microbeads assay (Methods). We plot distances between three microbeads tracked over time (lower right panel) which reveals continuous fluctuations indicative of varying loads. We also observe here the time-scales involved in the thread breaking and tissue relaxation; the black markers indicate timepoints corresponding to the displayed snapshots. (B) Time lapse images from large field of view imaging of ventral epithelium using lysotracker dye. The organism's stretching induces peak internal strain rates (computed using a PIV analysis, Methods).
